E2Fs play a central role in cell proliferation and growth arrest through their ability to regulate genes involved in cell cycle progression, arrest and apoptosis. Recent studies further indicate that this family of transcriptional regulators participate in cell fate/dierentiation events. They are thus likely to have a prominent role in controlling the terminal dierentiation process and its irreversibility. Here we have speci®cally examined the role of E2F2 in neuronal dierentiation using a gain-offunction approach. Endogenous E2F2 increased in PC12 cells in response to nerve growth factor (NGF) and was also expressed in cerebellar granule neurons undergoing terminal dierentiation. While PC12 cells normally undergo reversible dedierentiation and cell cycle reentry upon NGF removal, forced expression of E2F2 inhibited these events and induced apoptosis. Thus, E2F2 converted PC12-derived neurons from a reversible to à terminally' dierentiated, NGF-dependent state, analogous to postmitotic sympathetic neurons. This contrasts with the eects of E2F4, which enhances the dierentiation state of PC12 cells without aecting cell cycle parameters or survival. These results indicate that E2F2 may have a unique role in maintaining the postmitotic state of terminally dierentiated neurons, and may participate in apoptosis in neurons attempting to reenter the cell cycle. It may also be potentially useful in promoting the terminally arrested/dierentiated state of tumor cells. Oncogene (2001) 20, 5124 ± 5131.
Introduction
The question of how cells become irreversibly committed to the growth arrested and dierentiated state is of fundamental relevance to both normal cell dierentiation as well as tumorigenesis. During development, terminally dierentiating cells become committed to their mature state and ultimately may undergo cell death. In contrast, transformed cells either fail to complete this process or regain the ability to dedierentiate and re-enter the cell cycle. Thus, de®ning the mechanisms responsible for establishing the irreversibility of the terminally arrested and dierentiated state has signi®cance for cancer etiology and therapy as well as normal development. Factors that function at the interface between the cell cycle, dierentiation and cell death/apoptosis programs are presumably critical determinants of this process.
The E2F family of transcription factors consists of multiple members (E2F1-E2F6) that regulate the transcription of numerous genes important for cell cycle progression (Cartwright et al., 1998; Gaubatz et al., 1998; Muller and Helin, 2000; Trimarchi et al., 1998) . E2F binding sites are found in the promoters of genes that are expressed at the G 1 /S transition and are required for S phase progression (Muller and Helin, 2000; Nevins, 1998) . The functional E2F transactivator consists of an E2F protein and one of three DP proteins described to date, and this activity is mediated by the E2F transactivation domain upon binding of the E2F/DP heterodimer to its target DNA elements. During the G 1 phase of the cell cycle, hypophosphorylated forms of the Rb family of`pocket' proteins (pRb, p107, p130) bind to E2Fs and transform E2F complexes from trans-activators to trans-repressors of E2F-dependent genes (Flemington et al., 1993; Weintraub et al., 1995) . This transcriptional repression by Rb ± E2F complexes is important not only for proper regulation of cell cycle progression, but also for the switch from cell proliferation to growth arrest (Takahashi et al., 2000; Zhang et al., 1999) .
In addition to their roles in cell proliferation and arrest, E2F proteins also have important functions in other cellular processes, in particular, cell dierentiation and apoptosis. In Xenopus, E2Fs have been directly implicated in the regulation of axial determination and neurogenesis via trans-activation of speci®c hox genes (Suzuki and Hemmati-Brivanlou, 2000) . Further, we previously showed that E2F4 was required for neuronal dierentiation of PC12 cells in response to nerve growth factor (NGF) and actively promoted the onset and maintenance of this state (Persengiev et al., 1999) . In Drosophila, the E2F co-activator, DP, was shown to regulate axis determination during oogenesis (Myster et al., 2000) , and Drosophila E2F has been implicated in rhabdomere cell morphology and photoreceptor formation of the imaginal eye disc (Brook et al., 1996) . Together, these observations suggest that, in addition to controlling cell proliferation, speci®c E2Fs may serve as transcriptional regulators of cell dierentiation in certain cell types. Notably, the eects of Xenopus E2F and rodent E2F4 on dierentiation were independent of changes in cell cycle parameters, indicating direct transcriptional interactions with cellular dierentiation programs. Finally, E2Fs also have been shown to play a central role in promoting apoptotic cell death, particularly in the case of E2F1 (Field et al., 1996; Kowalik et al., 1995; Yamasaki et al., 1996) .
Based on their multiple roles in growth arrest, dierentiation and apoptosis, E2Fs are excellent candidates as factors controlling irreversible arrest and dierentiation. We have examined this question using the pheochromocytoma cell line, PC12, which exits the cell cycle and dierentiates into sympatheticlike neurons following treatment with NGF. These cells have proven highly useful in examining many important aspects of neuronal dierentiation, including cell cycle mechanisms that regulate growth arrest and its interactions with the neuronal dierentiation program (Buchkovich and Zi, 1994; Mesner et al., 1992; Yan and Zi, 1995) . In particular, PC12 cells exhibit reversible arrest and dierentiation upon treatment with NGF in serum-containing medium (Greene and Tischler, 1976) . Thus, they provide an excellent system in which to investigate mechanisms that distinguish the states of reversible and irreversible dierentiation. In the present study, we demonstrate that E2F2 is up-regulated by NGF in PC12 cells and that its ectopic expression converts PC12-derived neurons into an irreversible, NGF-dependent state.
Results

Regulation of E2F2 during differentiation of PC12 cells and postmitotic neurons
As part of our investigations into the role of E2F factors in regulating the process of neuronal dierentiation, we observed that treatment of PC12 cells with NGF markedly increased the expression of E2F2 (Figure 1a ). This increase following NGF treatment occurred in either the presence or absence of serum, but was not observed in PC12 cells growth arrested by culturing in medium without serum (data not shown). Thus, up-regulation of E2F2 protein was speci®cally associated with the state of neuronal dierentiation and was not due solely to exit from the cell cycle. Analysis of Rb family members revealed that pRb ( Figure 1a ) and p107 (not shown) were down-regulated to undetectable levels while p130 expression remained constant under these experimental conditions, as previously reported (Persengiev et al., 1999) . Similar results also were obtained in a model utilizing human neuroblastoma SH-SY5Y cells following induction of neurite outgrowth with NGF (data not shown).
PC12 cell-derived neurons undergo reversible dierentiation and cell cycle re-entry upon NGF removal in the presence of serum (Greene and Tischler, 1976) . We therefore analysed E2F2 expression following NGF withdrawal under these conditions. Protein analysis revealed that E2F2 levels decreased rapidly and were undetectable after removal of NGF and further culturing of PC12 cells for 4 days in the presence of serum (Figure 1a) . These results were consistent with an important role for E2F2 in the maintenance of the growth-arrested and dierentiated state of NGFtreated PC12 cells via regulation of cell cycle and possibly other genes.
We next asked whether the expression pro®le of E2F2 in developing neurons was similar to that observed in dierentiated PC12 cells. Cerebellar granule neurons (CGNs) become postmitotic during early postnatal stages in rodents, then migrate and take up permanent residence in the internal granule cell layer (Ross, 1996) . When isolated from early postnatal mice, CGNs consist of nearly homogeneous neuronal preparations that rapidly become postmitotic and undergo terminal dierentiation following culturing (Cui and Bulleit, 1998) . Analysis of isolated CGNs demonstrated that E2F2 protein was already expressed 
Subcellular localization of E2F2
The intracellular localization of E2F2 was evaluated in PC12 cells by subcellular fractionation using the general transcription factor Sp1 as a marker for nuclear localization (Kadonaga et al., 1987) . Sp1 expression in PC12 cells is unaected by NGF treatment. E2F2 protein was readily detected in the nucleus of NGF-treated PC12 cells (Figure 1d ), and examination of cytosolic fractions revealed no detectable amount of E2F2 in control and NGF-treated cells. These ®ndings indicate that E2F2 is exclusively localized to the nucleus following neuronal dierentiation, consistent with an important transcriptional role for this factor.
Effect of exogenous E2F2 on neuronal differentiation of PC12 cells
The above results indicated that E2F2 might play an important role in regulating gene expression during dierentiation of PC12 cells. To address this question, we developed stable cell lines (E2F2 ± PC12 cells) which constitutively expressed E2F2 under the control of the cytomegalovirus (CMV) promoter (Lukas et al., 1996) . PC12 cells stably expressing an empty CMV expression vector served as controls in these experiments. Exogenous E2F2 was readily detected by Western analysis in untreated and NGF-dierentiated E2F2 ± PC12 cell lines (E2F2-I, -II, -III) ( Figure 2a ). The level of expressed E2F2 protein was similar to that observed in control PC12 cells following NGF application, although E2F2-III cells expressed somewhat higher levels. NGF treatment of E2F2 ± PC12 cells resulted in a further increase in E2F2 levels ( Figure 2b and data not shown). Thus, E2F2 ± PC12 cells exhibit expression levels similar to those found for endogenous E2F2 in growth arrested and dierentiated PC12 cells.
To examine E2F2 eects on neuronal dierentiation, E2F2 ± PC12 cells were treated with NGF for 10 days in the presence of serum, followed by withdrawal of NGF. Under these conditions, PC12 cells normally respond to NGF treatment by extending neuronal-like processes and have a¯attened appearance, and then undergo complete retrodierentiation and resume proliferation following NGF removal. The eect of E2F2 expression on the morphological response of PC12 cells to NGF was monitored by quantifying the ratio of neurite length to cell body diameter (Cowley et al., 1994; Persengiev et al., 1999) . Only cells with neurites longer than two body diameters were scored. Time-course analysis revealed no signi®cant alterations in neurite outgrowth progression between control (CMV-transfected) and the E2F2 ± PC12 cell line ( Figure 3a ; Table 1 ). The expression pro®le of the neuronal markers beta-tubulin III (Figure 3b ) and synapsin I (data not shown) also showed no dierences between E2F2 ± PC12 and control cells. Thus, ectopic expression of E2F2 had no dramatic eect on the rate of dierentiation onset during NGF treatment of PC12 cells.
We next examined whether ectopic expression of E2F2 would promote the retention of the dierentiated state in PC12-derived neurons undergoing retrodierentiation. E2F2 ± PC12 cells were dierentiated with NGF in the presence of serum for 10 days, then washed and cultured in serum-containing medium without NGF. Under these conditions, CMV control cells lost neurites during the ®rst 24 h following NGF removal ( Figure 3c ; Table 2 ), as previously observed (Persengiev et al., 1999) . In contrast, E2F2 ± PC12 cells lost neurites at a much slower rate (Figure 3c) , and in fact a signi®cant number of cells remained highly dierentiated 4 days after NGF withdrawal (Table 2) . Further, the expression of beta-tubulin III decreased at a slower rate in E2F2 ± PC12 cells following NGF removal (Figure 3d) . Thus, the induction of E2F2 expression serves to maintain the state of neuronal dierentiation in PC12 cells following NGF removal.
Regulation of proliferation by E2F2
E2Fs and proteins such as the Rb family appear to have dual functions in both cell cycle progression as well as the postmitotic, dierentiated state. Promotion of the dierentiated state by such proteins may involve direct interactions with the dierentiation process itself, or may re¯ect indirect enhancement of the growth arrested (GO) state, or both. To more precisely determine the mechanism(s) by which E2F2 in¯uences neuronal dierentiation, we examined the rate of DNA synthesis in E2F2 ± PC12 cells. We initially observed that E2F2 ± PC12 derivatives appeared to grow somewhat more slowly than normal cells. DNA labeling with 3H-thymidine con®rmed that the rate of DNA synthesis after 16 h of culture was decreased *20 ± 39% in dierent E2F2-expressing cell lines relative to control PC12 cells (Figure 4a) .
We next used BrdU labeling to characterize cell division during the onset and later stages of dierentiation and de-dierentiation in E2F2 ± PC12 cells. Culturing of unsynchronized PC12 cells in the presence of NGF resulted in a gradual decrease in BrdUpositive cells, and no BrdU labeling was observed after 6 days of treatment. The proliferation rate of E2F2 ± PC12 cells was similar to that of control CMV ± PC12 cells during the ®rst 2 days following addition of NGF, but was somewhat reduced on days 4 and 6 of treatment (Figure 4b) . Thus, E2F2 expression slightly enhanced the rate of cell cycle arrest following NGF application and inhibited the rate of cell division in cycling PC12 cells.
Similar experiments performed following removal of NGF from dierentiated cells showed more dramatic eects of E2F2 on cell proliferation. E2F2 ± PC12 cells re-entered the cell cycle at a substantially reduced rate (*twofold lower) relative to CMV control cells based on BrdU incorporation (Figure 4c ). Further, a considerable amount of cell death was apparent under these conditions. TUNEL analysis and annexin V- The extent of outgrowth was determined by the ratio of neurite length to cell body diameter. Only cells that contained neurites longer than two body diameters were scored. Results are presented as the percentage of total cells and represent means+standard errors (in parentheses) from three independent experiments staining of E2F2 ± PC12 cells demonstrated that they underwent programmed cell death at a markedly higher rate relative to control cells after NGF withdrawal ( Figure 5 ). Thus, E2F2 expression dramatically inhibited cell cycle re-entry and led to apoptosis of dierentiated PC12 cells under these conditions. As noted above, the eects of E2F2 on the cell cycle and dierentiation status of PC12 cells were greater when examined following NGF removal as compared with the onset of NGF treatment. A similar situation was previously observed for the actions of E2F4 on PC12 cell dierentiation (Persengiev et al., 1999) . In both cases, this may re¯ect the fact that dierentiated, postmitotic cells behave in a more synchronous manner during NGF withdrawal, with essentially all cells being in the GO state at the start of the experiment, as opposed to asynchronous cycling cells present during the onset of NGF eects. (c) Analysis of BrdU incorporation at various times following NGF withdrawal from E2F2 ± PC12 cell lines. Cells were treated with NGF for 10 days followed by washing and culturing in serum-containing medium alone. BrdU-positive cells were examined and scored under an inverted¯uorescent microscope. Data are expressed as the mean+standard errors of three independent experiments. Oneway analysis of variance was used for statistical analysis. *P50.01 Figure 5 Analysis of cellular apoptosis in E2F2 ± PC12 cell lines following removal of NGF. CMV-and E2F2 ± PC12 cell lines were treated with NGF for 10 days followed by washing and culturing in serum-containing medium alone. TUNEL-(a) and annexin V-positive (b) cells were scored and data analysed as described in Figure 4 . *P50.01
Discussion
The present ®ndings indicate that induction of E2F2 expression in PC12 cell-derived neurons is speci®cally associated with the dierentiated, postmitotic state and promotes its maintenance. A characteristic of PC12 cells is the reversibility of their dierentiation when treated with NGF in serum-containing medium. However, when induced to dierentiate by NGF in serum-free medium, PC12 cells exhibit dependence on NGF for their survival and undergo programmed cell death in its absence via mechanisms highly similar to terminally dierentiated sympathetic neurons (Mesner et al., 1992) . As shown here, ectopic expression of E2F2 essentially converts dierentiated PC12 cells from a reversibly to a`terminally' dierentiated, NGFdependent state. That is, ectopic expression of E2F2 inhibits reversal of dierentiation and induces apoptosis in PC12-derived neurons following removal of NGF under conditions otherwise favorable for their dedierentiation, cell cycle re-entry, and survival (i.e., in the presence of serum). In wild-type cells, endogenous E2F2 is down-regulated under these conditions, which allows cells to escape the postmitotic, dierentiated state unhindered.
Inappropriate or con¯icting signals for cell cycle progression have been directly implicated in the induction of neuronal apoptosis (Evan and Littlewood, 1998) , and E2F2 may participate in these events in PC12-derived neurons by preventing cell cycle re-entry and/or by promoting their death. The present observations also raise the possibility that expression of exogenous E2F2 may enhance the ecacy of dierentiation therapies in the treatment of various cancers (Hansen et al., 2000) , by promoting an irreversible, terminally dierentiated state.
The observation that E2F2 actively promotes the growth arrested and dierentiated state of PC12 cells also has important implications for its role in postmitotic neurons and other dierentiated cell types in which it may be expressed, such as muscle and corneal cells (Francesconi et al., 2000; Gill and Hamel, 2000) . First, these results indicate that E2F2 has functions beyond regulating progression of progenitor cells through S phase. While activation of genes involved in cell cycle progression and DNA synthesis is a hallmark of E2F factors, especially E2F1-3, recent ®ndings have indicated additional functions depending on the cellular context and E2F family member. For example, E2F1 was recently shown to cause quiescence when over-expressed in human ®broblasts, apparently mediated by p14 ARF (Dimri et al., 2000) . The latter ®nding has interesting parallels to the growth arrest activity of E2F2 observed in the present studies. The ability of E2F1 to drive senescence was independent of its interactions with Rb proteins and speci®cally required its trans-activation function. pRb, the preferred Rb partner of E2F2, is downregulated to undetectable levels following arrest and dierentiation of PC12 cells. This raises the possibility that the actions of E2F2 may also be independent of Rb interactions and involve trans-activation in these cells. Consistent with this, E2F2 contains a nuclear localization signal and does not require interactions with other proteins such as Rb family members to facilitate its nuclear transport, as is required for E2F4 and E2F5 (Lindeman et al., 1997; Magae et al., 1996; Verona et al., 1997) . Whether E2F2 promotes the arrested state via mechanisms identical to those involved in E2F1-induced quiescence remains to be determined. It is worth noting that pRb is down-regulated in primary neurons during postmitotic dierentiation similar to PC12 cells (Okano et al., 1993) , including CGNs (Poulin et al., unpublished observations), suggesting that E2F2 may have similar Rb-independent functions in primary neurons.
Previous work has established a central role for Rb and E2F family members in cell cycle progression and exit by neuronal progenitors (Callaghan et al., 1999; Kastner et al., 1998; Slack et al., 1998) . The functional results presented here, along with the demonstration that E2F2 is expressed in postmitotic neurons such as CGNs, suggest that E2F2 has an important role in maintaining the terminally arrested and dierentiated state of postmitotic neurons. In particular, it may function to promote the senescent state and may participate in neuronal apoptosis. E2F1 is known to have an important role in driving apoptosis in several cell types, including neurons (Giovanni et al., 2000; MacManus et al., 1999; Park et al., 2000) . However, recent studies have shown that E2F2 can also exhibit pro-apoptotic activity (Dirks et al., 1998) . It is therefore possible that E2F2 directly contributes to apoptotic events during abortive attempts of postmitotic neurons to re-enter the cell cycle, as is thought to occur in certain neuro-degenerative disorders (Nagy, 1999; Raina et al., 2000) as well as during development (Frade, 2000) . In this context, it is interesting to note that E2F1-dependent mechanisms do not fully account for neuronal apoptosis under several conditions (Giovanni et al., 2000; O'Hare et al., 2000) . Further studies of E2F2 actions in primary neurons will be important to address these questions.
In addition to regulation of cell cycle progression/ exit and apoptosis, recent studies have directly implicated E2Fs in the control of cell fate determination and dierentiation during embryogenesis (Myster et al., 2000; Suzuki and Hemmati-Brivanlou, 2000) . Further, we have found that another E2F family member, E2F4, promotes both the onset and maintenance of neuronal dierentiation in NGF-treated PC12 cells (Persengiev et al., 1999) . The activities of E2F2 revealed here exhibit both similarities as well as dierences relative to E2F4 eects in PC12-derived neurons. In particular, while both factors promote the maintenance of NGF-induced dierentiation, E2F2 appears to do this indirectly by inhibiting cell cycle re-entry, while the eects of E2F4 are independent of the cell cycle and, therefore, appear to involve direct interactions with the neuronal dierentiation program (Persengiev et al., 1999) . Thus, E2Fs are capable of promoting neuronal dierentiation by two distinct but complementary mechanisms involving either enhancement of cell cycle arrest (E2F2) or of dierentiation per se (E2F4). This dierence between E2F2 and E2F4 on cell cycle parameters may account for their divergent eects on cell viability upon removal of NGF. That is, ectopic E2F2 may lead to cell death by inhibiting cell cycle re-entry under these conditions, an eect not observed for E2F4 (Persengiev et al., 1999) . Future studies should reveal the bases for the unique activities of dierent E2F family members in the neuronal dierentiation process and the transcriptional interactions involved.
Materials and methods
Cell cultures
PC12 cells were grown on collagen-coated plates in DMEM with or without 10% horse/5% fetal bovine serum depending on the experimental paradigm, and incubated at 378C in 10% CO 2 . To induce neuronal dierentiation, cells were treated with 50 mg/ml NGF (Harlan Bioproducts) for varying times.
In washing experiments, NGF-treated cells were rinsed three times with serum-containing DMEM medium and cultured for up to 4 additional days.
Preparation of cerebellar granule neurons
CGNs were prepared using cerebella dissected from 5 ± 7-dayold CD1 mice according to standard protocols (CambrayDeakin, 1995) . Fully dissociated cells were cultured on poly-D-lysine-coated plates or chambered slides in Neurobasal/B27 medium (Brewer, 1995) at a density of 3 ± 4610 5 cells per cm 2 to optimize viability. Essentially all cells exhibited the size (5 ± 8 mm) and bipolar shape characteristic of CGNs, and 490% of cells expressed the neuronal markers MAP2 and GAP43.
Plasmids and stable transfections
PC12 cells were transfected with equimolar amounts of either empty pCMV or pCMV ± E2F2 (Lukas et al., 1996) expression vectors and a plasmid containing the geneticinresistance gene pCMVneo (Clontech) using Lipofectamine (GIBCO/BRL). Cells were allowed to recover for 72 h prior to selection with G418 (200 mg/ml). Multiple colonies of PC12 cell derivatives (E2F2 ± PC12 cells) were subsequently isolated and characterized. Initial studies of the functional eects of E2F2 were performed on three independent pools of cells, and these results were subsequently replicated using three distinct clonal lines (E2F2-I, -II, -III). Western data are presented for one of these clonal lines (E2F2-I) and are representative of the other clones tested.
Protein extracts and Western blotting
Whole-cell extracts from PC12 cells, mouse CGNs and rat cerebellum were prepared as previously described (Beijersbergen et al., 1995) . Brie¯y, cells were homogenized in whole-cell extraction buer containing 20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 10 mM DTT, 1 mM PMSF, 25% glycerol, 2 mg/ml pepstatin A, 5 mg/ml leupeptin, 5 mg/ml bestatin, and 5 mg/ml aprotonin, centrifuged for 10 min at 14 000 r.p.m. and supernatants used for analysis. Protein concentrations ranged from 2 ± 6 mg/ml.
Extracts were separated on 10% polyacrylamide ± SDS gels, blotted onto PVDF membranes, and reacted with rabbit antibodies against E2F2, E2F4, pRb, p130, Sp1 (Santa Cruz Biotech), synapsin I and b-tubulin III (Sigma). Incubations were carried out in Tris-buered saline containing 0.1% Tween-20 and 10% nonfat dry milk for 1 h at room temperature. Protein bands were visualized by enhanced chemiluminescence (ECL, DuPont/NEN, Boston) as recommended by the manufacturer.
Morphological analysis
Evaluation of the extent of neurite outgrowth in E2F2 ± PC12 derivatives was determined by the ratio of neurite length to cell body diameter (Cowley et al., 1994) . The number of viable cells was determined by cell counting using Trypan blue staining. Signi®cance was examined by one-way analysis of variance followed by Bonferroni multiple comparison test.
Cell proliferation and survival assays
For 3 H-thymidine incorporation assays, cells were cultured in 12-well plates and pulse-labeled with 1 mCi of 3 H-thymidine for 6 h as described (Persengiev and Kyurkchiev, 1993) . BrdU labeling was performed by incubating the cells for 12 h with 10 mM BrdU before staining. After 30 min ®xation in 70% ethanol, cells were air dried, treated with 2N HCI for 10 min to denature DNA, and treated with 0.1 M N 2 B 4 O 7 , pH 8.5, for another 10 min. Cells were washed three times with PBS containing 0.5% Tween and 1% BSA before an overnight incubation with the primary anti-BrdU antibody (Becton Dickinson, Mountain View, CA, USA). After three washings, cells were incubated with goat anti-mouse CY3-conjugated secondary antibody and examined by¯uorescence microscopy. Note that the relatively high degree of BrdU incorporation observed for PC12 cells is consistent with previous BrdU-labeling studies of these cells (e.g., *35% of cells labeled in a 5-h pulse (Gollapudi and Oblinger, 1999) ), which may re¯ect the presence of tetraploid cells in these cultures (van Grunsven et al., 1996) .
To assay apoptosis, terminal transferase was used to visualize fragmented DNA (TUNEL labeling). Cells were grown on collagen-coated glass coverslips and TUNEL assays were performed with a commercially available kit (Boehringer-Mannheim, USA) as recommended by the manufacturer. Phosphatidylserine externalization was measured as previously described (Heibein et al., 1999) using annexin V-FITC (Oncogene Research Products).
Isolation of nuclear and cytoplasmic fractions
For nuclear and cytoplasmic extracts, cells were homogenized in 10 mM HEPES (pH 7.2) containing 150 mM NaCl, 1.5 mM MgCl 2 and protease inhibitors. Complete cellular disruption was veri®ed by Trypan blue exclusion. Nuclear and cytoplasmic fractions were generated by centrifugation at 800 g for 10 min. The nuclear pellet was washed once with hypotonic buer and then lysed with RIPA buer (50 mM Tris-HCl (pH 8.1), 150 mM NaCl, 0.2% SDS, 1% sodium deoxycholate, 1% Nonidet P-40, 5 mM EDTA).
